Abstract Pancreatic beta cells are specialised endocrine cells that continuously sense the levels of blood sugar and other fuels and, in response, secrete insulin to maintain normal fuel homeostasis. During postprandial periods an elevated level of plasma glucose rapidly stimulates insulin secretion to decrease hepatic glucose output and promote glucose uptake into other tissues, principally muscle and adipose tissues. Beta cell mitochondria play a key role in this process, not only by providing energy in the form of ATP to support insulin secretion, but also by synthesising metabolites (anaplerosis) that can act, both intra-and extramitochondrially, as factors that couple glucose sensing to insulin granule exocytosis. ATP on its own, and possibly modulated by these coupling factors, triggers closure of the ATP-sensitive potassium channel, resulting in membrane depolarisation that increases intracellular calcium to cause insulin secretion. The metabolic imbalance caused by chronic hyperglycaemia and hyperlipidaemia severely affects mitochondrial metabolism, leading to the development of impaired glucose-induced insulin secretion in type 2 diabetes. It appears that the anaplerotic enzyme pyruvate carboxylase participates directly or indirectly in several metabolic pathways which are important for glucoseinduced insulin secretion, including: the pyruvate/malate cycle, the pyruvate/citrate cycle, the pyruvate/isocitrate cycle and glutamate-dehydrogenase-catalysed α-ketoglutarate production. These four pathways enable 'shuttling' or 'recycling' of these intermediate(s) into and out of mitochondrion, allowing continuous production of intracellular messenger(s). The purpose of this review is to present an account of recent progress in this area of central importance in the realm of diabetes and obesity research.
Glucose-stimulated insulin secretion
Several nutrients can act as insulin secretagogues, including glucose and some amino acids such as leucine alone, glutamine in combination with leucine, and NEFA [1] . However, glucose is the most potent secretagogue for insulin secretion as it induces robust insulin secretion within a few minutes of the onset of the stimulus and the stimulatory effect lasts as long as the plasma glucose is elevated. Secretion of insulin in response to glucose occurs in two phases, i.e. it is a biphasic response, in which the first release begins within a few minutes of stimulation, after which it declines. The second phase of insulin secretion begins a few minutes after the first phase and secretion gradually increases to a peak within 30-40 min [2] . The beta cell senses an elevated level of glucose in the plasma by glucokinase. Rapid entry of glucose through solute carrier family 2 (facilitated glucose transporter), member 2 (GLUT2) for rodents and solute carrier family 2 (facilitated glucose transporter), member 1 (GLUT1) for humans is followed by phosphorylation of glucose which increases glycolytic flux, producing pyruvate as the terminal product of the pathway [3] . Pyruvate then enters the mitochondrion and is decarboxylated to acetyl-CoA, which enters the tricarboxylic acid cycle (TCA), resulting in the production of NADH and FADH 2 [4] . These reducing equivalents are subsequently oxidised in the respiratory chain to enable ATP production. The rise of the ATP:ADP ratio in the cytoplasm closes the plasmalemmal ATP-sensitive potassium channel (K ATP ), resulting in depolarisation of the plasma membrane, which triggers the opening of the voltage-gated Ca 2+ channel [5] . This results in an influx of Ca 2+ into the cell that triggers the exocytosis of insulin granules. This glucose-stimulated insulin secretion (GSIS) is known as the K ATP -dependent GSIS (Fig. 1) .
However, it is clear that GSIS can also occur independently of K ATP channel activity and this is known as the K ATP -independent GSIS. The evidence in favour of a K ATPindependent GSIS comes from two independent studies. The first study used diazoxide, an agent that maintains the K ATP channel in the open state thus eliminating the K ATPdependent GSIS mechanism. GSIS was still detected in the diazoxide-treated islets that had been depolarised with K + , suggesting that a K ATP -independent GSIS mechanism must be operating [6] . The second piece of evidence was obtained with mice in which the K ATP channels were
Glossary
Anaplerosis: a biochemical reaction which replenishes TCA cycle intermediates when they are removed for biosynthetic purposes. This permits the TCA cycle to operate without disruption Cataplerosis: a biochemical reaction in which the TCA cycle intermediates are removed for biosynthetic purposes
Glucose-stimulated insulin secretion (GSIS): secretion of insulin from beta cells in response to elevated glucose concentration
Pyruvate cycling: a pathway by which the intracellular pyruvate is converted via pyruvate carboxylation into TCA cycle intermediates which are re-converted to pyruvate in the cytosol to participate in metabolite shuttles and cycles disrupted. A K ATP channel is composed of two subunits, the sulfonylurea receptor 1 (SUR1) and the inward rectifying K + channel. Mice with targeted disruptions of SUR1 [7, 8] or the inward rectifying K + channel [9, 10] were still capable of secreting insulin in response to glucose stimulation, suggesting that GSIS does not solely operate through the K ATP channel. It was later recognised that K ATP -dependent and K ATP -independent GSIS are coordinated to ensure the maximum secretion of insulin in response to glucose [2] . The K ATP -dependent mechanism may act as the 'triggering signal' responsible for the first phase of insulin secretion. In contrast, the K ATP -independent mechanism may provide an 'amplifying signal', which supports the longer-lasting second phase of insulin secretion. The common feature of the K ATP -dependent and K ATPindependent pathways is that both require an influx of Ca 2+ to the cytosol through the Ca 2+ channel [2] . As the K ATPdependent GSIS is mostly understood, many attempts have been made to identify the cellular or biochemical pathways that are associated with K ATP -independent GSIS. In this review, we will discuss many of the key enzymes or biochemical pathways underlying the control of GSIS.
K ATP -independent GSIS and the role of mitochondria
The role of mitochondria in GSIS was first demonstrated in the INS-1 (rat insulinoma) and MIN6 β cell lines depleted of mitochondrial DNA. These cell lines have defects affecting the enzymes involved in the respiratory chain and are, therefore, unable to generate an electrochemical gradient across the mitochondrial membrane, concomitant with the loss of the glucose-induced increase of intracellular Ca 2+ [11] [12] [13] . In humans, a point mutation and deletion of the mitochondrial-encoding transfer RNA genes have also been known to associate with a specific form of diabetes known as 'mitochondrial diabetes' [14] . These mutations severely affect mitochondrial protein synthesis, which may result in a diminished number of functional beta cells and insulin secretion [14] . Insulin gene transcription is regulated by three transcription factors specific to the beta cell: HNF1α, PDX1 and MAFA [100] . An elevated level of extracellular glucose is taken up by GLUT2 before being rapidly phosphorylated to glucose-6 phosphate (G-6-P) by glucokinase. Pyruvate (PYR), the terminal product of glycolysis, is oxidised in the mitochondrion, yielding a large amount of ATP [101] . The increased cellular ATP:ADP ratio closes K ATP -sensitive channels, resulting in membrane depolarisation, followed (Fig. 2) . It is notable that PC is as highly abundant in beta cells as it is in the gluconeogenic tissues, i.e. liver and kidney cortex. However, beta cells lack cytosolic phosphoenolpyruvate carboxykinase and fructose-1,6-bisphosphatase, indicating that PC does not serve a gluconeogenic role in these cells. In addition, the rate of pyruvate carboxylation, but not pyruvate decarboxylation, is correlated with the degree of insulin release in rat pancreatic islets [29, 31] .
13 C nuclear magnetic resonance (NMR) isotopomer analysis studies show that GSIS is well correlated with pyruvate carboxylation, but not pyruvate oxidation [32] . Furthermore, PC production is induced by glucose above the normal physiological concentration [33] . The key piece of evidence to support the role of PC in GSIS comes from the studies of two independent groups. Suppression of PC production by small interfering RNA (siRNA) impairs GSIS in both insulinoma cells [34, 35] and isolated rat islets [35] , and also reduced cell proliferation [35] , while overproduction of PC in INS-1 cells increases GSIS and cell proliferation [35] . These data strongly suggest the supportive role of PC in GSIS and beta cell proliferation. In addition, non-carbohydrate metabolisable secretagogues also failed to stimulate GSIS in cells with Pc (also known as Pcx) knockdown, indicating that PC is required for both carbohydrate and non-carbohydrate secretagogues [34] . It is noteworthy that impaired GSIS was only observed when PC activity was lower than 60% of normal [34] . Insufficient lowering of PC may trigger compensatory mechanisms to prevent impaired GSIS in INS-1 cells and islets. A compensatory response resulting from an increased level of acetyl-carnitine-which reflects cellular acetyl-CoA, a potent allosteric activator of PCwas reported in both INS-1 cells and isolated islets with moderately lowered PC [36] .
Besides supplying acetyl-CoA for the citric acid cycle, a specific role of PDH in GSIS remains unclear. Although inhibition of PDH activity by overproducing pyruvate dehydrogenase kinase 4 in INS-1 cells did not affect GSIS [35] , it is possible that PDH may play a supportive role for GSIS by providing acetyl-CoA to condense with the oxaloacetate produced by PC, to form citrate for downstream shuttles. PDH may also supply the acetyl-CoA required to allosterically activate PC during GSIS. The importance of PC in supporting GSIS is well documented in various rodent models. In the islets of obese rats, Pc expression remains normal because of a compensatory mechanism [37], while downregulation of Pc is observed once the impaired GSIS has progressed [23, 38] . In humans, downregulation of PC and its mRNA was observed in type 2 diabetic patients [39] . These data suggest that anaplerosis via PC is important to support insulin secretion. Subsequent studies have clearly shown that cataplerosis, primarily through the export of mitochondrial metabolites to the cytosol, occurs to balance the increased mitochondrial oxaloacetate. Several studies using islets and insulinoma cell lines have clearly demonstrated that GSIS elevates the level of several intermediates of the TCA cycle and promotes the export of some of them from mitochondria to the cytoplasm. Those intermediates include malate, citrate, α-ketoglutarate and succinate [40, 41] . The specific cataplerosis of various intermediates of the TCA cycle is discussed below.
Pyruvate/malate shuttle In pancreatic beta cells, GSIS stimulates the export of malate from mitochondria to the cytoplasm [41] . The abundance of PC in beta cells and the high rate of malate export from mitochondria to cytoplasm following GSIS suggests the presence of the pyruvate/ malate shuttle [41] . In this shuttle, the oxaloacetate produced by PC is converted to malate by mitochondrial malate dehydrogenase (Fig. 2) . Malate exits the mitochondria to the cytoplasm where it is subsequently oxidised to pyruvate concomitant with the production of NADPH by cytosolic malic enzyme (ME1). Pyruvate then re-enters mitochondria for the next round of carboxylation by PC. As this occurs in a cyclic fashion, significant amounts of NADPH can be generated in proportion to the expenditure of mitochondrial ATP and NADH. The necessity of ME1 with respect to GSIS is still debated. Using the rat insulinoma cell line INS-1 as the model, Pongratz et al. [42] employed siRNA to suppress production of ME1 or mitochondrial malic enzyme (ME2), and found that only the ME1, and not the ME2, regulates GSIS in these cells. A similar result was obtained when the ME1 was knocked down in the INS-1 832/13 cell line [43] . Contrary to these results another group observed that suppression of ME1 in isolated rat islets did not have an impact on GSIS, although suppression of this enzyme in the INS-1 832/13 cell line yielded results similar to the two previous studies [44] . However, the latter observation was associated with a slow rate of growth of the targeted cells [44] . Although there are many reports that ME1 is very low or absent in mouse islets, there is a report that suppression of ME1 activity by 50% resulted in the reduction of GSIS by half [45] , while overproduction of ME1 did not affect GSIS [46] . In the Mod-1 mouse and the mmgg mouse, two strains of mice that lack ME1 in all tissues, GSIS is normal [44, 47] . In line with the in vivo mouse data, a recent study using the INS-1 832/13 cell line in which either Me1 or Me2 was chronically knocked down by 80-90%, which is much greater than in the previous studies, insulin release was not decreased [48] . It is possible that redundancy of the cytosolic pathways for NADPH formation may permit normal GSIS in the Me1-null mice and ME1-deficient cell lines.
Pyruvate/citrate shuttle and acyl-CoAs The pyruvate/citrate shuttle is another route that uses oxaloacetate formed by PC. This concept was supported by the observation that INS-1 cells stimulated with a high glucose concentration exhibited an increased efflux of citrate from mitochondria to the cytoplasm [40] . In this shuttle (Fig. 2 ), oxaloacetate condenses with acetyl-CoA to form citrate, mediated by citrate synthase. Citrate then exits the mitochondrion to the cytoplasm where it is converted back to oxaloacetate and acetyl-CoA by ATP-citrate lyase (ACL). Oxaloacetate is converted by cytosolic malate dehydrogenase to malate before being converted to pyruvate by ME1. The latter enzyme produces NADPH as described for the pyruvate/ malate cycle [40] . Acetyl-CoA formed by ACL is subsequently carboxylated by acetyl-CoA carboxylase (ACC) to form malonyl-CoA for conversion to long-chain acyl-CoA by fatty acid synthase (FAS). The operation of this cycle was supported by the parallel increases of ACC, FAS and malic enzyme (ME) [49] .
Pharmacological inhibition of the tricarboxylate transporter in the mitochondrial outer membrane inhibits GSIS in INS-1 832/13 cells, indicating that the export of citrate from mitochondria to cytosol is crucial for downstream metabolic pathways [43] . MacDonald et al. [50] observed oscillations of citrate in the mitochondria of rat islets and INS-1 cells in the presence of pyruvate and in intact INS-1 cells exposed to glucose. These oscillations were synchronous with the oscillations of other mitochondrial factors, including ATP and NAD(P) [50] . These synchronous oscillations are believed to orchestrate the oscillations of glycolytic intermediates, especially fructose bisphosphate. This, in turn, could affect Ca 2+ oscillations, causing secretion of insulin in a pulsatile manner [51] .
Suppression of Acl (also known as Acly) mRNA by 67% in INS-1 832/13 had a modest effect on the reduction of GSIS, accompanied by an increase in fatty acid oxidation [43] . However, it has also been reported that siRNA-mediated suppression of Acl mRNA by 80% did not affect GSIS in INS-1 cells [52] . Similarly, suppression of Acl mRNA by 90% and ACL activity by 95% had no impact on GSIS in the INS-1 832/13 cell line and in isolated rat islets [53] .
It is particularly interesting that ACC production in islets is as highly abundant as in lipogenic tissues [54] and there is a great deal of evidence to indicate that malonyl-CoA can act as a coupling factor that regulates insulin secretion [55, 56] . Malonyl-CoA inhibits carnitine palmitoyl-transferase (CPT I), which transports fatty acyl-CoA into mitochondria where it is oxidised. Inhibition of CPT I should cause an increase in long-chain acyl-CoAs in the cytosol. Glucose rapidly induces ACC production, [54] with a concomitant rapid rise in malonyl-CoA concentration preceding insulin secretion. Furthermore, acute exposure of the permeabilised clonal beta cell line, HIT, to long-chain acyl-CoA also stimulates Ca 2+ -evoked insulin release [57] . Exogenous NEFAs also enhance GSIS in this cell line. This fatty-acidpotentiated GSIS was suggested to be mediated through the formation of long-chain acyl-CoAs [56] . Although malonyl-CoA and long-chain acyl-CoA are believed to regulate GSIS, abrogation of malonyl-CoA formation by overproducing malonyl-CoA decarboxylase in beta cells did not interfere with GSIS, [58] whereas chronic, but not acute, suppression of ACC production by 60-80% in INS-1 832/13 cells and isolated islets significantly reduced GSIS [59] . However, it is unclear whether the lower GSIS was primarily due to the suppression of ACC activity per se because glucose oxidation, glycolytic flux, glycogen synthesis, TCA cycle intermediates and ATP production were also decreased [59] . The role of long-chain acyl-CoA in GSIS is not well understood, although it is proposed to have a signalling role in regulating K ATP channel and insulin exocytosis [56, 57] . A recent study has shown that suppression of FAS production has no impact on GSIS in INS-1 832/13 cells and in isolated islets [53] . This evidence may argue against the role of long-chain acyl-CoAs in controlling GSIS.
Although acute suppression of ACC1 and of FAS by siRNA does not affect GSIS, pharmacological inhibition of ACC1 and FAS markedly reduced GSIS in the INS-1 832/13 cells [52] . de novo fatty acid synthesis occurs rapidly in INS-1 832/13 cells upon stimulation with a high glucose concentration [52] . Glucose stimulation also altered membrane lipid composition including cholesteryl esters, phospholipids, NEFAs and triacylglycerols. Modification of the lipid species could alter the structure of the plasma membrane and membrane-bound vesicles which, in turn, could affect insulin exocytosis [52] . Apart from rapid lipogenesis and alteration of lipid content in INS-1 832/13 cells, the export of rapidly produced short-chain acyl-CoAs as acetoacetate from mitochondria to cytoplasm was also observed in beta cells upon stimulation by glucose [60] . The acetyl group derived from acetoacetate might be more important for GSIS than that derived from ACL, because suppression of acetoacetyl-CoA synthetase, a cytosolic enzyme that converts acetoacetate to acetoacetyl-CoA, markedly reduced GSIS [60] . In contrast, suppression of ACL, which potentially reduces citrate-derived acetyl-CoA, does not inhibit GSIS [60] . It appears that the supply of acetyl-CoA via the transfer of acyl groups from mitochondria in the form of acetoacetate is important for de novo fatty acid synthesis, and alterations of lipid content and lipid species may influence insulin secretion in beta cells [52] .
Pyruvate/isocitrate (pyruvate/α-ketoglutarate) shuttle In this shuttle, oxaloacetate is condensed with acetyl-CoA to form citrate by citrate synthase before being converted to isocitrate. Isocitrate then exits the mitochondrion to the cytoplasm via the citrate/isocitrate transporter and is converted to α-ketoglutarate by the cytosolic NADP-dependent isocitrate dehydrogenase (cICD). α-Ketoglutarate is further converted to oxaloacetate via the malate/aspartate shuttle as mentioned earlier in the NADH shuttle system. Similar to the two previous cycles, the cICD reaction of this pathway produces NADPH (Fig. 2) . Two lines of evidence demonstrate the necessity of this pathway. First, siRNA-mediated suppression of the citrate/isocitrate transporter results in a reduction of citrate accumulation in the cytoplasm, concomitant with a modest reduction of GSIS in INS-1 832/13 cells and in isolated rat islets [61] . This is also accompanied by only a 25% reduction in the NADPH:NADP + ratio [61] . Similarly, suppression of the cICD results in a 50% reduction in GSIS in INS-1 832/13 cells and in isolated rat islets [62] . This reduction in GSIS is accompanied by only a slightly decreased NADPH:NADP + ratio [62] .
TCA cycle and GTP production SCS catalyses the conversion of succinyl-CoA to succinate coupled with the formation of GTP or ATP, depending on the enzyme isoforms [63] . The importance of mitochondrial GTP in Fig. 2 Mitochondrial biochemical pathways that are involved in K ATPindependent GSIS. Pyruvate enters the mitochondrion through the pyruvate transporter to undergo a PDH-catalysed reaction to form acetyl-CoA or an anaplerotic reaction catalysed by PC [29, 30] . There are two routes for oxaloacetate. The first route involves its conversion to malate, which exits the mitochondrion via the malate carrier (MC) before being converted back to pyruvate. Pyruvate is then cycled back to the mitochondrion to form the 'pyruvate/malate cycle' [41] . The second route involves its conversion to citrate, which exits the mitochondrion and is converted to oxaloacetate and acetyl-CoA (Ac-CoA). Acetyl-CoA is converted to malonyl-CoA and long-chain acyl-CoA, while ME oxaloacetate is converted to malate and pyruvate by malate dehydrogenase and cytosolic ME, respectively, as part of the 'pyruvate/citrate cycle' [40] . Citrate in the mitochondrion can be converted to isocitrate, which exits the mitochondrion through the citrate/isocitrate carrier (CIC) to the cytoplasm, where it is further converted to α-ketoglutarate (α-KG) by NADP-dependent isocitrate dehydrogenase (ICDc). α-Ketoglutarate then re-enters the mitochondrion as part of the 'pyruvate/isocitrate' cycle [62] . The above three cycles share the common terminal step, i.e. the conversion of malate to pyruvate concomitant with the production of cytosolic NADPH by cytosolic ME. Among other amplifying signals, NADPH is thought to be the consensus factor for K ATP -independent GSIS. Oxaloacetate may be removed from the mitochondrion as PEP by PEPCK-M. Cytosolic PEP is converted to pyruvate by pyruvate kinase before being recycled back to the mitochondrion [65] . Other amplifying signals include mitochondrial GTP produced by GTP-SCS, and glutamate produced by GDH. NADPH, GTP, malonyl-CoA, long-chain acyl-CoA, glutamate and PEP are thought to be the amplifying signals that control the K ATP -dependent pathway. These amplifying signals are suggested to drive exocytosis of insulin granules insulin secretion was demonstrated by the fact that patients who carry a mutation in the inhibitory GTP-binding domain of glutamate dehydrogenase have hyperinsulinaemia and hypoglycaemia [64] . Silencing of the GTP-SCS in the INS-1 832/13 cells or in isolated rat islets impaired GSIS by 50% accompanied by an impaired glucose-stimulated increase in the level of cytosolic Ca 2+ which, in turn, inhibits insulin secretion [63] . This supports the idea that mitochondrial GTP may be one of the coupling factors that regulates GSIS [63] .
It appears that the TCA cycle is not the only source of GTP for GSIS. This is supported by the recent finding that the phosphoenolpyruvate (PEP) cycle is associated with the GTP-SCS-catalysed reaction [65] . This cycle involves the mitochondrial phosphoenolpyruvate carboxykinase (PEPCK-M) which, in islets and insulinoma cell lines, is about 50% of the level in liver. Unlike the cytosolic PEPCK (PEPCK-C), which is absent from pancreatic islets [65, 66] 
K ATP -dependent pathway
30% of cytosolic PEP is associated with PEPCK-M activity [65] . Because mitochondrial GTP is only available from GTP-SCS activity, this provides the link between GTP-SCS and PEPCK-M.
Glutamate dehydrogenase and glutamate production The evidence that glutamate may serve as a second messenger to amplify insulin secretion comes from identifying a gainof-function mutation in the gene encoding glutamate dehydrogenase (GDH), an enzyme that catalyses conversion of α-ketoglutarate to glutamate. Mutations in the inhibitory GTP-binding domain cause a hyperinsulinaemia/ hypoglycaemia syndrome, suggesting the involvement of GDH in insulin secretion [64] . Maechler et al. [67] have suggested that intracellular glutamate produced from α-ketoglutarate by GDH is a second messenger that triggers insulin secretion. When permeabilised INS-1 cells, perfused with an elevated fixed concentration of Ca 2+ and ATP, were exposed to a high concentration of glucose, insulin secretion was stimulated, accompanied by an increased intracellular glutamate concentration [67] . Glutamate is thought to enter insulin secretory vesicles and to promote exocytosis of the vesicles [67] . Evidence favouring this hypothesis includes: (1) overproduction in INS-1E cells or in rat pancreatic islets of glutamate decarboxylase, an enzyme that decarboxylates glutamate in the cytoplasm, led to a reduced cellular glutamate content that correlated with the impaired GSIS [68] ; (2) overproduction of GDH in INS-1E cells and in rat and mouse pancreatic islets increased GSIS at high glucose concentrations, suggesting GDH is a rate-limiting step in GSIS [69] .
Although the above data support glutamate being an important coupling factor to enhance insulin secretion, there are several issues regarding its importance [70] [71] [72] . Experiments performed elsewhere did not find an increase in cellular glutamate content upon GSIS in either INS-1 cells or isolated rat islets [70] . Although treating these cells with high concentrations of glutamine alone does increase the cellular content of glutamate (through glutaminase action), this does not stimulate insulin secretion [70] . When Bertrand et al. [72] used high glucose concentrations to stimulate insulin secretion, cellular glutamate levels increased, but did not correlate with the level of insulin secretion [72] . Glutamine markedly increased cellular glutamate content, but it did not augment insulin secretion. The combination of high glucose and glutamine enhanced insulin secretion without influencing cellular glutamate levels [72] . Contrary to the findings of Maechler et al. [67] , overproduction of the gain-of-function GDH mutant in insulinoma MIN6 cells increased GSIS at low glucose concentrations (2 mmol/l and 5 mmol/l) without affecting insulin release at high glucose concentrations (8-25 mmol/ l) [73] . Re-examination of the experiment by the same laboratory indicated that overproduction in MIN6 and rat islets of GDH indeed promoted conversion of glutamate to α-ketoglutarate, thereby increasing TCA cycle activity without increasing the level of glutamate [74] . A recent study has also suggested that GDH functions solely in glutamate oxidation rather than glutamate synthesis [75] . In addition, flux analysis by NMR of INS-1 cells stimulated by glucose did not support the idea that anaplerosis through GDH is associated with GSIS [76] . These experiments therefore argue against the idea that glutamate is a second messenger required for GSIS. A recent study involving mice with Gdh (also known as Glud1) null beta cells has clearly shown that these mice exhibited only a 37% loss of GSIS [77] . Similarly, silencing of the glutamate carrier GC1 of INS-1E cells caused only a 23% reduction in insulin secretion upon stimulation by a high glucose concentration (15 mmol/l) and had no effect at an intermediate glucose concentration (8 mmol/l) [78] .
Downregulation of metabolic enzymes in diabetes
From the above evidence, various biochemical pathways have been shown to link with mitochondrial metabolism and to be required for normal GSIS in beta cells. In the Zucker fatty rat, which is hyperinsulinaemic but has normal blood glucose, the activities of PC, MDH and ME are increased to support the pyruvate cycling activity required to increase GSIS during this metabolic overload [37] . In humans with type 2 diabetes, islet mitochondria show large structural and biochemical changes. The biochemical changes include impaired GSIS and impaired hyperpolarisation of the mitochondrial membranes [79] . The mitochondrial enzymes that are significantly reduced in a mouse model that develops type 2 diabetes progressively include PC, cICD, NADH dehydrogenase, citrate synthase and ATP synthase [80] . Of particular interest, PC and cICD have previously been shown to be necessary for GSIS. More specifically, MacDonald et al.
[39] compared the expression and activity of mitochondrial enzymes from the islets of normal and type 2 diabetic patients. Again, production or activities of PC and cICD were lower in individuals with type 2 diabetes. Other mitochondrial enzymes, also produced in low quantities, included mGPDH, NADH dehydrogenase and ACL [39] . Malmgren et al. [81] have shown a negative correlation of the expression of genes involved in mitochondrial metabolism and HbA 1c , while the expression of genes for enzymes involved in glycolysis was positively correlated with HbA 1c . This indicates that, in the absence of diabetes, a poorer glycaemic control is associated with downregulation of mitochondrial metabolic genes while those involved in glycolysis are upregulated. Table 1 summarises the effect of suppression or overproduction of various mitochondrial enzymes on GSIS.
Reactive oxygen species and uncoupling protein Exposure of pancreatic islets to a high concentration of glucose not only stimulates respiratory-chain activity but also stimulates production of reactive oxygen species (ROS). Beta cells are prone to the oxidative damage caused by production of ROS because they express limited levels of antioxidant enzymes [82] . Although ROS appear to have an adverse effect on beta cell function, there is evidence that ROS may be obligatory signals for GSIS [83, 84] . The production of ROS upon stimulation of islets with a high concentration of glucose appears transiently because ROS are rapidly removed by antioxidant enzymes [84] . The production of ROS during chronic exposure of beta cells to an elevated level of glucose also stimulates expression of the uncoupling protein 2 (UCP2) [85] . The role of UCP2 in controlling GSIS was thought to dissipate proton conductance and hence inhibit a rise in cytosolic ATP, blunting ↑ increased; ↓ decreased; -not changed; ATP-SCS, ATP-dependent succinyl-CoA synthetase; CIC, citrate/isocitrate carrier; GC1, glutamate carrier 1; ICD, NADP-dependent isocitrate dehydrogenase; KO, knockout insulin secretion [85] . Although Ucp2 knockout mice showed a higher level of cellular ATP production and enhanced GSIS, [86] which tends to support the above idea, two independent studies reported that Ucp2-ablated fully back-crossed mice failed to show improved GSIS [87, 88] . It appears that the role of UCP2 in regulation of GSIS is still unclear.
Novel coupling factors
Although the discussion above suggests many mitochondrial biochemical pathways produce molecules that can act as the coupling factors to amplify insulin secretion, a prominent candidate is the NADPH produced by pyruvate cycling. Previous work [89] has shown that glucose acutely stimulates a sharp increase in the NADPH:NADP + ratio concomitant with insulin secretion. This is mediated by glutaredoxin 1 (GRX1). GRX1, together with thioredoxin 1 (TRX1) and glutathione (GS), form extramitochondrial redox pairs to maintain an appropriate cellular redox within the cell (Fig. 3) . These redox pairs require NADPH to cycle their oxidised/reduced states. Injection of additional GRX1 into beta cells stimulates GSIS in a manner similar to that by NADPH [90] . Silencing of GRX1 but not TRX1 in INS-1 832/13 cells or rat islets dramatically reduces GSIS without affecting the global cellular redox state, suggesting GRX1 acts to support insulin secretion locally [90] Fig. 3 The role of lipogenesis and NADPH in insulin exocytosis. The NADPH produced from the pyruvate cycle is used for de novo fatty acid synthesis in pancreatic β-cells. This rapid lipogenesis alters cellular lipid composition, especially cholesteryl ester (CE) and phospholipids (PL) [52] . Modification of cholesterol content of the plasma membrane at the SNARE protein complex can potentiate insulin secretion [97] . The NADPH is also required for maintaining the cytoplasmic redox state through glutaredoxin GRX1, which acts as the molecular redox sensor [90] . The NADPH also regulates intracellular K + by binding to its β-subunit (Kvβ), inhibiting K + efflux through this channel and hence causing prolonged depolarisation of the intracellular membrane potential. The NADPH produced by NNT transhydrogenase is also required to detoxify ROS produced by respiratory chain activity [94] . The accumulation of ROS stimulates UCP2 activity, dissipating ATP production required to close the K ATP channel. NADPH may also be transported to cytoplasm through the conversion of α-ketoglutarate to isocitrate catalysed by the mitochondrial NADP-dependent isocitrate dehydrogenase. NADPH can be reformed in the cytoplasm by cytosolic ME that converts the isocitrate-derived malate to pyruvate in the cytoplasm. Overproduction of GRX1 in INS-1 832/13 cells and isolated rat islets also stimulates insulin exocytosis [90] . NADPH is not only required for insulin granule exocytosis via the GRX1 redox pair in the cytoplasm but is also required to maintain the redox state in mitochondria. In mitochondria, NADPH is formed by reduction of NADP + by NADH, catalysed by nicotinamide nucleotide transhydrogenase (NNT) [91] (Fig. 3) . This is a reversible reaction and also a redox-driven proton pump. In beta cell mitochondria, ROS produced during oxidative phosphorylation are detoxified by the glutathione redox system, which requires NADPH to maintain its redox state [92] . Silencing of Nnt in MIN6 cells results in impaired GSIS [92] . Increased NNT production in mice also predisposes to insulin hypersecretion [93] . However, it is not known whether NADPH produced by NNT is present just to detoxify ROS because NADPH may be exported to the cytoplasm as isocitrate via the reaction catalysed by mitochondrial NADP-dependent isocitrate dehydrogenase (Fig. 3) . NADPH can then be regenerated via the cICDcatalysed reaction, and participate in the NADPHdependent insulin exocytosis.
NADPH has also been reported to be associated with the redox state of the voltage-dependent potassium channel (Kv). This channel works in the opposite way to the K ATPsensitive channel. It serves as the outward rectifying channel allowing K + efflux and thus causing membrane repolarisation for the next cycle of GSIS [94] . Kv is composed of two subunits, the α-subunit (Kvα) forms a pore structure, while the β-subunit functions as the regulatory subunit [94] . The β-subunit (Kvβ1.1) exhibits the oxidoreductase activity and contains the NADPHbinding site, which is thought to be the sensor of intracellular redox potential that in turn regulates the channel [95] . Binding of NADPH to the β-subunit reduces the efficacy of this channel in repolarisation of the membrane potential. This inhibits K + influx, and therefore favours K + efflux through the K ATP -sensitive channel during GSIS [96] . This mode of action is believed to be modulated by the cellular NADPH:NADP + ratio [96] . The alteration of lipid content as the result of anaplerosis [52] may also serve as a long-term signal to promote insulin exocytosis. Vikman et al. [97] have reported that the cholesterol content of the SNARE protein complex is crucial for insulin exocytosis. The SNARE protein complex is composed of synaptobrevin, syntaxin 1 and SNAP25 [98] . The synaptobrevin is located on the insulin-containing vesicles while syntaxin 1 and SNAP25 are located on the plasma membrane. Formation of the SNARE complex is associated with cholesterol in the lipid bilayer. Depletion of the cholesterol content of the SNAP25 complex markedly affects insulin granule exocytosis accompanied by the altered dynamic of insulin release and reduced GSIS [97] .
In addition, there is a great deal of evidence showing that reorganisation of phospholipids, especially the phosphatidyl-inositol phosphate, in the plasma membrane can affect insulin granule exocytosis [99] . The alteration of cholesteryl esters and phospholipid, especially the phosphatidyl-inositol, in INS-1 832/13 cells during GSIS [52] provides the link between lipogenesis and insulin exocytosis.
Conclusion
In conclusion, a unique pattern of enzymes is produced in the pancreatic beta cell that permits the synthesis by mitochondria of metabolites that are exported to the cytosol to support insulin secretion. A major player in this process is PC, an anaplerotic enzyme that enables the beta cells to convert half of glucose-derived pyruvate into metabolites that participate in shuttles or cycles that provide intracellular messengers including NADPH, GTP, precursors of short-chain acyl-CoAs, lipids and amino acids which support K ATP -independent insulin secretion that may be equal in importance to ATP production by mitochondria for insulin secretion. Lowering of the activity of PC and other enzymes of these pathways inhibits secretagoguestimulated insulin secretion and the levels of many of these enzymes are decreased in the islets of rodents and humans with type 2 diabetes, reflecting their critical involvement in insulin secretion. Research to further understand the roles of these pathways may provide strategies for future therapies of type 2 diabetes. 
